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Cauliflower mosaic virus (CaMV) uses a specialised translation mechanism to bypass the long leader sequence of the 35S
RNA. The effect of the CaMV 35S RNA leader sequence on the expression of a downstream b-glucuronidase (GUS) reporter
gene was studied in transgenic tobacco plants. Enzymatic GUS assays of these transgenic plants show that a shunt
mechanism of translation indeed occurs in planta with an average efficiency of 5% compared with the leaderless construct.
Histological GUS analyses indicate that the shunt mechanism occurs throughout the whole plant and at all developmental
stages. © 1998 Academic Press
INTRODUCTION
Cauliflower mosaic virus (CaMV; Fig. 1A) is the type
member of the caulimoviruses, a group of pararetrovi-
ruses infecting plants (reviewed by Rothnie et al., 1994a).
The CaMV 35S RNA is a particularly complex RNA con-
taining a highly structured 600 nucleotide long leader
sequence with six to eight short open reading frames
(ORFs; Fig. 1B; Fu¨tterer et al., 1988; Hemmings-Miesz-
czak et al., 1997), followed by seven tightly arranged
longer ORFs that encode all the viral proteins (Fig. 1A;
reviewed by Hohn and Fu¨tterer, 1997). The 35S RNA
leader sequence includes important signals that control
different functions of the viral life cycle. It comprises all
the signals required for polyadenylation (Sanfac¸on et al.,
1991; Rothnie et al., 1994b), the tRNAMet primer binding
site (PBS) from where synthesis of the minus DNA strand
is initiated by reverse transcription (Richards et al., 1981;
Pfeiffer and Hohn, 1983); a splice donor (Kiss-La´szlo´ et
al., 1995); signals for RNA dimerisation (Hemmings-
Mieszczak et al., 1997); and translational control signals
(Fu¨tterer et al., 1990b, 1993). In addition, packaging sig-
nals are suspected to be in the leader region but have
not been experimentally confirmed (Richins et al., 1987;
Fu¨tterer et al., 1988).
A complex mRNA leader sequence with extensive sec-
ondary structure and small ORFs, such as that of CaMV,
is likely to be involved in the regulation of translation.
According to the scanning model of translation initiation,
the small ribosomal subunit scans the mRNA linearly
from the cap site until it reaches the first initiation codon
in good context (Kozak, 1989a). In this light, secondary
structure of sufficient extent and the presence of up-
stream AUG codons both have an inhibitory effect on the
translation of a downstream gene (Kozak, 1987; Baim and
Sherman, 1988; Chevrier et al., 1988) but they can also be
features of highly regulated mRNAs (Mu¨ller and Hinne-
busch, 1986; Manzella and Blackshear, 1991; Damiani
and Wessler, 1993; Lohmer et al., 1993).
The inhibition of translation by secondary structure
and by the short ORFs in the leader sequence of CaMV
is partially alleviated by cis-acting signals present in the
leader (Fu¨tterer et al., 1989; 1990a; 1993). The 35S RNA is
translated by the shunt mechanism, which involves fea-
tures of both scanning (Kozak, 1989a) and internal ribo-
some entry (Pelletier and Sonenberg, 1988; reviewed by
Hellen and Wimmer, 1995; Iizuka et al., 1995; Ehrenfeld,
1996). According to the shunt model (Fu¨tterer et al.,
1993), initiation complexes bind to the 59-end of the RNA
and start scanning normally towards the 39 direction
(Kozak, 1989a). These complexes are then transferred
from a ‘‘take off point’’ (shunt donor site) directly to more
internal regions of the RNA (shunt acceptor site), thus
bypassing the central part of the leader (Fig. 1B; Fu¨tterer
et al., 1989; 1990b; 1993). The shunt donor site lies
upstream of position 1220 and the shunt acceptor site
has been precisely mapped to between positions 1548
and 1560 within short ORF F (Fu¨tterer et al., 1993). The
shunt mechanism permits the translation of the first ORF
downstream of the leader sequences of the 35S RNA
and its spliced versions.
The molecular mechanism of the shunt is still unclear.
However, since shunting can occur in the absence of any
viral protein, the cellular translation machinery must be
equipped with all the necessary factors. Cellular factors
might stabilise the RNA structure involved in shunting.
Species-specific differences in the availability of such
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cellular proteins might be the cause of dissimilar shunt
efficiencies in different plant protoplasts (Fu¨tterer et al.,
1989; 1990a; 1993). Cellular proteins that bind to multiple
sites of the leader region have been found, but their role,
if any, in the shunt process still remains unclear
(Dominguez et al., 1996).
The shunt mechanism of translation is not unique to
CaMV; it has also been described in another plant par-
aretrovirus, rice tungro bacilliform virus (RTBV; Fu¨tterer et
al., 1996), in adenovirus late mRNAs (Yueh and Schnei-
der, 1996), in Sendai virus (Curran and Kolakofsky, 1988;
1989), and in budgerigar fledgling disease virus (BFDV;
Li, 1996). Up to now there are no examples of cellular
mRNAs translated by the shunt mechanism.
The shunt mechanism of translation has been studied
in transient expression assays in protoplasts. Although
the shunt works in these assays and this suggests that
this mechanism does in fact occur in planta, protoplasts
are stressed cells, and thus cannot be expected to com-
pletely reflect the behaviour of a plant cell in its normal
context. Another limitation of the protoplast system is
that, to date, replication of CaMV has not been achieved
reproducibly in protoplasts, indicating that they indeed
lack certain functions present in plants. A logical step to
follow up previous experiments is to investigate how
these processes function on the whole plant level. Fur-
thermore, a study of the shunt in transgenic plants would
permit testing whether the shunt mechanism of transla-
tion occurs in all types of plant tissues and at all devel-
opmental stages.
The effect of the CaMV 35S RNA leader sequence on
the expression of downstream genes was studied in
planta. Constructs carrying the b-glucuronidase (GUS)
reporter gene downstream of the 35S RNA leader were
introduced into Nicotiana tabacum. Analyses of these
transgenic plants show that the shunt occurs in planta
with an efficiency of 5% compared with the leaderless
construct. The shunt mechanism of translation appears
to be neither tissue/cell-specific nor developmental
stage-specific.
RESULTS
Transient assay of 35S RNA leader-GUS constructs
in Nicotiana tabacum protoplasts
The constructs to be used for plant transformation
were first tested transiently in tobacco protoplasts. Four
different GUS reporter gene constructs were used (Fig.
1C). The LG construct consists of the wild-type leader
sequence followed by an ORF VII<GUS fusion. In order
to analyse the migration of the translation complex along
the leader sequence, a 243.9 kcal/mol stem-loop struc-
FIG. 1. CaMV maps. (A) Genomic map of CaMV. Viral DNA is represented by a thin double line, with the box marked R’ indicating the region of the
genome which is transcribed twice in the terminally redundant transcript. Viral transcripts are shown as thin arrows inside the DNA. The thick arrows
outside the DNA represent the major viral open reading frames. ORF VII is nonessential and of unknown function (Dixon and Hohn, 1984); ORF I
encodes the movement protein (Linstead et al., 1988; Citovsky et al., 1991; Thomas et al., 1993); ORF II codes for the aphid transmission factor (Armour
et al., 1983; Woolston et al., 1983); ORF III encodes a DNA binding protein which has been suggested to play a role in nucleic acid condensation during
assembly (Mougeot et al., 1993); ORF IV codes for a set of capsid proteins; ORF V encodes a polyprotein with protease and polymerase activities
(Takatsuji et al., 1986; Torruella et al., 1989); ORF VI codes for the inclusion body matrix protein (Covey and Hull, 1981) which is also the translational
transactivator (TAV, Bonneville et al., 1989). (Reproduced with permission from Rothnie et al., 1994a). (B) Linear map showing the 35S RNA leader with
the small ORFs (A–F) and the first large ORF, ORF VII. The routes of the scanning and shunting translation complexes are shown. SD, splice donor.
(C) Schematic representation of the G, LG, StLG, and LGSt constructs used in this study. The CaMV leader is represented as in B; LG contains the
wild type leader, G contains only the first 60 nt of it, LGSt and StLG contain stem-loop structures inserted at the positions shown.
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ture sufficient to inhibit scanning (Kozak, 1989a) was
introduced at two different positions in the leader.
Construct StLG contains the stem-loop structure at the
very 59-end of the leader sequence, while construct
LGSt carries the stem loop at a BglII site at nucleotide
220 within the leader. The G construct, which contains
only a short leader sequence consisting of the first 60
nucleotides of the CaMV 35S RNA leader, was used as
a positive control. As shown in Fig. 2, when GUS
activity of the G construct is set to 100%, that of the LG
construct carrying the wild-type CaMV 35S RNA leader
sequence is reduced to around 14%. In the case of the
StLG construct with a stem-loop structure inserted at
the 59-end of the leader, hardly any GUS activity is
registered, suggesting that the translational machin-
ery starts scanning at the 59-end of the mRNA. How-
ever, in the LGSt leader construct carrying the internal
stem-loop structure, GUS activity is comparable to that
of the LG construct, indicating that the stem-loop
structure is positioned in a part of the leader which is
bypassed by the translational machinery. These re-
sults confirm earlier transient expression studies in
host protoplasts (Fu¨tterer et al., 1993) and show that
the shunt appears to operate in the same manner in
tobacco protoplasts.
Production of Nicotiana tabacum 35S RNA
leader-GUS plants
Expression cassettes consisting of the leader se-
quences followed by the GUS gene fused in-frame to
CaMV ORF VII, under the control of the 35S promoter and
polyadenylation site, were cloned between the T-DNA
borders of the binary shuttle vector pBin19 (Bevan, 1984)
adjacent to its resident neomycin phosphotransferase
(NPT II) marker gene. The resulting plasmids were intro-
duced into Agrobacterium by electroporation, generating
strains AgLG, AgStLG, AgLGSt and AgG. These strains
were used to transform seedlings of Nicotiana tabacum
L. cv. Petit Havana line SR1 (Maliga et al., 1973) with the
purpose of determining if the shunt mechanism of trans-
lation works in planta in tobacco.
Kanamycin resistant calli were obtained and shoots
regenerated to produce several LG, StLG, LGSt and G
plants (T0). Seeds from these selfed, transformed plants
were sown on selective medium. Progeny plants giving a
3:1 segregation ratio for kanamycin resistance (four of
each construct) were selected for further analysis as
plants representing putative single locus insertions of
the T-DNA.
Southern blot analysis of genomic DNA from trans-
genic plants showed that in the case of LG, LGSt and G
plants, some plants contained single inserts while others
carried multiple inserts. All StLG plants contained multi-
ple inserts (Fig. 3).
The shunt mechanism occurs throughout
the whole plant
Backcrosses of the transgenic plants were tested
for GUS activity by incubating plant material in GUS
assay buffer containing 5-bromo-4-chloro-3-indolyl
b-D-glucuronide (X-Gluc). As shown in Fig. 4, G plants
exhibit intense GUS staining as expected. Neverthe-
less, plants of the lines G2 and G4 consistently show
a weaker staining than those of lines G1 and G3. On
the other hand, LG and LGSt plants show a weaker but
significant staining, indicating that the shunt mecha-
nism of translation functions in planta, and that trans-
lation complexes bypass the central region of the
leader. StLG plants show no staining at all, suggesting
that scanning of the GUS RNA starts at the cap site in
these transgenic plants.
LG and LGSt plants show GUS staining throughout the
whole seedling, suggesting that the shunt mechanism of
translation is not tissue-specific in tobacco. In order to
determine the cell-specificity of GUS expression, the
activity was analysed in more detail by histochemical
staining of stem and leaf sections, as well as roots. As
shown in figure 5, GUS staining of LG and LGSt plants in
stem sections matches that of G plants. The same is true
in leaf sections and root tissue (data not shown). Intense
staining could be seen in the meristematic cells (Fig. 4),
FIG. 2. GUS expression by shunting in wild-type Nicotiana tabacum
protoplasts. GUS activities measured after transient expression of
different plasmid DNAs in Nicotiana tabacum protoplasts prepared
from SR1 plants. Protoplasts were transfected with 5 mg G, LG, StLG, or
LGSt plasmid DNA. GUS activity was measured in samples containing
20 mg of crude protein and is expressed as the difference () of
fluorescence units (FU) per milligram of protein per minute. The values
presented are the means of 3 independent experiments; standard
deviation is represented by error bars.
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and when GUS activity was not extremely high, a pref-
erential staining of the internal and external phloem
could be observed in the LG and LGSt plants (Fig. 5), but
this was also the case for the G plants in which the GUS
gene is not expressed by shunting, indicating no cell-
specificity of the shunt in planta. Furthermore, GUS stain-
ing could be observed in 2-day-old seedlings as well as
in mature and senescent plant tissue (data not shown),
indicating no obvious developmental stage specificity of
the shunt.
Quantification of shunt efficiency in whole
transgenic plants
In order to quantify GUS activities and shunt levels
more accurately, GUS enzymatic activity assays were
performed with leaf protein extracts from hemizygous
plants using 4-methyl-umbelliferyl b-D-glucuronide (4-
MUG) as a substrate. Variations in the GUS activity
may be caused by differences in translation activity or
differences at the level of transcription, depending on
the specific site of insertion. To address this question
we quantified the RNA levels and calculated the GUS
activity per RNA. RNase protection assays were per-
formed to measure the amount of steady-state GUS
mRNA. Antisense riboprobes covering the 59- and 39-
ends of the GUS gene were used in order to ensure
that the whole GUS coding region was present in the
protected mRNAs. Ribosomal 18S RNA antisense ribo-
probe was used as internal control to standardise the
RNA values.
FIG. 4. Histochemical GUS staining of transgenic Nicotiana tabacum seedlings. Four-week-old transgenic Nicotiana tabacum seedlings grown in
vitro were stained for GUS activity as described under Materials and Methods. Twenty seedlings of each line were assayed. Representative seedlings
are shown. StLG seedling is shown on a dark background due to the fact that it cannot be seen at all on the background used for the other seedlings.
FIG. 5. Histochemical GUS staining of stem tissue sections of transgenic plants. Representative stem tissue sections of 8-week-old transgenic
Nicotiana tabacum plants grown in vitro were stained as described under Materials and Methods (int. phloem, internal phloem; ext. phloem, external
phloem). The scale bar represents 0.5 mm.
FIG. 3. Southern analysis of GUS transgenes in Nicotiana tabacum. (A) Map showing the location of the radioactive probe and the minimum size
of the expected HindIII fragment. (B) Southern blot of HindIII restriction fragments hybridised to the GUS probe. Lane numbers indicate the number
of the transgenic line. SR1 indicates the untransformed tobacco control. 10 and 100 pg of LG plasmid DNA restricted with HindIII were loaded as a
positive control.
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Large differences in the steady-state levels of GUS
RNA between the different transformants could be
observed (Figs. 6B and 6C). There seems to be little
correlation between transgene copy number and GUS
mRNA levels, which could be due to the fact that some
of the copies are not intact. When the GUS activity was
standardised to the RNA data, the variation between
independent lines containing the same construct was
reduced (Figs. 6C). Hardly any GUS activity was de-
tected in the StLG plants although the GUS mRNA is
present in all cases. In the case of the independent
lines carrying the high expressing G construct there is
still a considerable variation in GUS activity after stan-
dardising to RNA values, but in all cases GUS activity/
RNA from the G plants is significantly higher than GUS
activity/RNA from LG or LGSt plants, as expected. The
corrected values allow the efficiency of the shunt to be
quantified. GUS activity levels in LG or LGSt plants are
between 2 and 9% of those in G plants. Thus the shunt
mechanism of translation is working in planta in Nico-
tiana tabacum with an average efficiency of 5% com-
pared to the leaderless construct (Fig. 6C).
FIG. 6. Analysis of GUS expression by shunting in transgenic plants. GUS RNA and GUS activity were quantified in extracts of transgenic leaves.
(A) Map of LG construct with its transcript derived from the 35S promoter (wavy line). The antisense probes SP6GUS59 and SP6GUS39 are depicted
as bold lines with arrowheads pointing to the left, their complementary regions are drawn horizontally, with the size of the predicted RNA-RNA hybrid
indicated above. (B) RNase protection assay. Lane numbers indicate the number of the transgenic line. SR1 indicates the untransformed tobacco
control. The probe was 32P labelled (see Materials and Methods) and 40,000 cpm Cerenkov (GUS) and 1000 cpm Cerenkov (18S RNA) were hybridised
to 10 mg total RNA. ssRNA was digested with RNases A and T1. For the mock no plant RNA was used (P). 32P labelled pBR322 digested with HpaII
was loaded as molecular weight marker (M). (C) GUS activities (measured in 20 mg crude protein and expressed as the difference () of fluorescence
units (FU) per milligram of protein per minute) and GUS RNA levels (expressed as the ratio of GUS RNA to 18S RNA as measured by a Phosphor
Imager). The values presented are the means 6 standard deviation of three independent experiments.
408 SCHA¨RER-HERNA´NDEZ AND HOHN
DISCUSSION
Earlier experiments showed the occurrence of muta-
tions in the leader, which increase the latency period of
CaMV but have no effect on transient expression of a
reporter gene located downstream of the leader (Fu¨tterer
et al., 1988). This may be interpreted as a consequence
of these sequences having another function in virus
replication, but they might also be involved in regulation
of expression at a specific stage of development or in
response to environmental or metabolic conditions not
represented by the protoplasts used.
It was shown that the supercoiled DNA of the CaMV
minichromosomes accumulates in callus derived from
infected leaf tissue grown in vitro in which there is
relatively little virus replication. This implies that not all
host plant tissues are capable of supporting the com-
plete CaMV multiplication cycle (Paszkowski et al., 1983;
Covey et al., 1990).
Additionally, results of previous experiments measur-
ing transient expression of CAT downstream of the 35S
RNA leader in tobacco protoplasts had proved to be
extremely variable (Fu¨tterer et al., 1989). The leader se-
quence reduced CAT expression two- to four-fold in pro-
toplasts derived from three host species but ten- to
fifty-fold in protoplasts derived form three different non-
host species (Fu¨tterer et al., 1989). Although the shunt
mechanism of translation was active in these non-host
protoplasts, albeit not as efficiently as in host systems,
its efficiency with respect to a leaderless construct was
hard to determine given the aforementioned variability.
For all the above reasons, it was of interest to study
the shunt mechanism of translation at the whole plant
level. In the experiments reported here, the GUS gene is
expressed when it is positioned downstream of the 35S
RNA leader. These results confirm those obtained earlier
with transient expression experiments (Fu¨tterer et al.,
1989). Moreover, they demonstrate that shunting occurs
in the whole plant in a non-host and is not an isolated
phenomenon related to stress or to a particular develop-
mental stage of manipulated plant protoplasts.
Quantification of shunt efficiency in transgenic to-
bacco was hampered by problems similar to those which
arose in transient expression experiments in protoplasts
(Fu¨tterer et al., 1989). Transgenic plants containing the
same construct showed a high variability of GUS expres-
sion. When the GUS activity is standardised to the RNA
data, the variability within plants carrying the same con-
struct is reduced, but is still considerable in the case of
the high GUS expressing leaderless G construct. On
average, the shunt occurs with an efficiency of 5% in
planta, compared with an efficiency of around 14% ob-
tained in transient expression assays. However, consid-
ering the variability between plants carrying the same
construct, a study involving a larger sample number will
be required to attain a more accurate estimate of the
shunt efficiency.
In experiments using Brassica species, it was shown
that expression of the CaMV minichromosome is a key
phase of the virus multiplication cycle. Differences in
CaMV transcripts in these experiments suggest organ-
specific expression in infected turnip (Covey et al., 1990).
Moreover, in turnip leaves, viral protein products in-
crease in concentration in parallel with viral DNA al-
though there appears to be a bias towards protein rather
than DNA synthesis in very young leaves (Maule et al.,
1989). These observations raise the question if this reg-
ulation might be achieved through tissue-specific control
of translation via shunt.
Upon histochemical staining analyses of whole leader-
GUS plants compared with whole leaderless-GUS plants, no
tissue-specificity of the shunt mechanism of translation could
be observed. Closer investigation of stem, leaf and root sec-
tions indicate that there is no cell-specificity of the shunt in
these tissues. The relatively high intensity phloem staining
(Fig. 5) is probably related to the higher density of cells in these
tissues and to increased availability of the substrate. Similarly,
the intense staining in the meristematic cells (Fig. 4) is prob-
ably due to their small size, the absence of vacuoles and their
higher metabolic activity (Martin et al., 1992). In any case,
increased intensity of staining in these cases is not due to
increased shunting in these cells, since the same effect can
be observed in leaderless-GUS plants in which the GUS ORF
is not translated by shunting.
The link between virus spread and the development of
disease is not well characterised, but must depend upon
a complex interaction between translation of virus-en-
coded products and the physiology of the host (Maule et
al., 1989). Although no tissue specificity of the shunt is
apparent in the transgenic plants used in the present
study, the situation might nevertheless be different for
expression of CaMV genes in the viral context during the
course of infection. The shunt mechanism of translation
can occur in the absence of viral proteins, but these can,
nevertheless, affect shunt efficiency. This has been dem-
onstrated in the case of the protein product of CaMV ORF
VI, the translational transactivator (TAV). Cotransfection
of TAV-expressing constructs with leader-CAT constructs
enhances expression downstream of the leader se-
quence, increasing CAT activity 3-6 fold (Fu¨tterer et al.,
1993). Moreover, in the context of a viral infection, the
35S RNA might be partitioned into different pools for
packaging, reverse transcription and translation through
the various signals present in the leader region.
Translation via shunt is a very important process for
the life cycle of CaMV. Only TAV is translated from a
monocistronic RNA with a short leader sequence. Trans-
lation of all other CaMV proteins from the 35S RNA and
its spliced derivatives requires a ribosome shunt on a
long leader sequence. Additionally, the CaMV 35S RNA
leaders contain elements that control various functions
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of the viral life cycle and the availability of these ele-
ments might be regulated by the shunt diverting ribo-
somes from the central leader region containing the
conserved ‘‘bowl’’ sequence (Fu¨tterer et al., 1988), which
is suspected to be part of the viral packaging signal.
MATERIALS AND METHODS
Plasmids used for transient expression in plant
protoplasts and for further constructions
The basic vector into which the constructs in this study
were assembled was plasmid pCib3007 (M.-D. Chilton,
pers. comm.). This plasmid consists of the CaMV 35S
promoter followed by the maize AdhI intron 1 and the
GUS gene cloned into pUC18 (Yanisch-Perron et al.,
1985). Plasmid Cib3007* was obtained by replacing in
Cib3007 the NcoI-KpnI fragment containing the GUS
gene by the corresponding fragment of LG20 (see below)
so that the NcoI site contained the AUG codon of the
GUS gene. In the constructs used in this study the AdhI
intron 1 was replaced by different versions of the CaMV
35S RNA leader.
Plasmid LG20 (J. Fu¨tterer, pers. comm.) is a derivative
of plasmid pDH51 (Pietrzak et al., 1986). The CaMV pro-
moter sequences in pDH51 are extended to the ATG of
CaMV ORF VII, which is fused directly to the GUS ORF
derived from plasmid RAJ275 (Jefferson, 1987).
Plasmids G, LG and LGSt were obtained by performing
three fragment ligations using the NcoI-BamHI GUS
gene-containing vector fragment of Cib3007* together
with the BamHI-EcoRV fragment of Cib3007 (containing
the 59-part of the 35S promoter) and a third fragment,
specific to each plasmid.
G. The plasmid specific fragment corresponded to the
EcoRV-NcoI fragment of pMTP-GUS (Hohn et al., 1996),
containing the 39-part of the 35S promoter and the S1
region of the leader (as defined in Fu¨tterer et al., 1990b).
LG. This plasmid was made by using the EcoRV-NcoI
fragment of LG20 (containing the 39-part of the 35S pro-
moter and its wild type leader) in the three fragment liga-
tion.
LGSt. For this plasmid the EcoRV-NcoI fragment of
LG20-3938 (J. Fu¨tterer, pers. comm.), containing the
39-part of the 35S promoter and its leader with a strong
stem-loop structure inserted at a BglII site at nucleo-
tide 220 of the leader, was used in the three fragment
ligation. The scanning inhibitor stem-loop structural
element has a DG37° of 243.9 kcal/mol (calculated
according to Freier et al., 1986), was previously shown
to strongly inhibit translation of a downstream ORF
(Kozak, 1989b) and is a palindromic oligonucleotide of
the sequence 59-GCGCGTGGTGGCGGCTGCAGCCGC-
CACCACGCGC-39.
StLG. This plasmid was made by ligating together the
XhoI-BglII fragment of pS1LGC.St1 (Fu¨tterer et al., 1993),
containing the first part of the 35S RNA leader with the
strong stem-loop structure at the very 59-end, together
with the BglII-NcoI fragment of LG20, containing the rest
of the leader, and the NcoI-BamHI GUS gene containing
vector fragment of Cib3007*. The upstream copy of the
S1 region in pS1LGC.St1 was thus eliminated during
construction of StLG.
Agrobacterium constructs for plant transformation
Plasmids G Bin19, LG Bin19, LGSt Bin19 and StLG
Bin19 were constructed by cloning each of the EcoRI-
HindIII expression cassettes from G, LG, LGSt and StLG
into the corresponding sites of the polylinker within the
T-DNA of the binary shuttle vector Bin19, which confers
kanamycin resistance to transformed plants (Bevan,
1984).
The binary vectors originally grown in E. coli DH5a
(Hanahan, 1983) were introduced into A. tumefaciens
strain GV3101, which contains helper plasmid pGV2260
(Deblaere et al., 1985), by electroporation as described
(Mattanovich et al., 1989), generating strains AgG, AgLG,
AgLGSt and AgStLG. Integrity of the vectors was verified
by analysing plasmid DNA from Agrobacterium in E. coli
according to published protocols (Dhaese et al., 1979).
Transformation of protoplasts and preparation
of extracts for GUS assays
Mesophyll protoplasts were isolated from in vitro-
grown tobacco plants and 4 3 105 protoplasts were
transfected with 5 mg plasmid DNA in the presence of
polyethylene glycol (PEG) as described (Goodall et al.,
1990). Protoplasts were harvested by centrifugation and
soluble extracts were prepared as described (Fu¨tterer et
al., 1989).
Fluorometric GUS assays
Fluorometric assays were performed with samples of
equivalent protein content determined according to
Bradford (1976) using bovine serum albumin as the stan-
dard. GUS activities were assayed in 96-well microtiter
plates in 300 ml reaction volumes containing 1 mM
4-methylumbelliferyl b-D-glucuronide (4-MUG, Sigma;
Jefferson et al., 1987); 50 ml aliquots were taken at four
successive time points and the appearance of the fluo-
rescent product was followed using a Titertek Fluoros-
kan II apparatus (Jefferson et al., 1990).
Stable transformation of tobacco
Nicotiana tabacum L. cv. Petit Havana line SR1 (Maliga
et al., 1973) was transformed by vacuum infiltration of
seedlings with Agrobacterium containing the shuttle and
helper plasmids followed by a 3-day incubation as de-
scribed (Rossi et al., 1993). The seedlings were then
washed with 10 mM Mg SO4 and placed on MS medium
(Murashige and Skoog, 1962) containing 0.1 mg/ml naph-
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talene acetic acid (Duchefa, Haarlem, The Netherlands),
1 mg/ml benzylamino purine (Duchefa, Haarlem, The
Netherlands), 200 mg/ml kanamycin (Serva, Heidelberg,
Germany), 500 mg/ml cefotaxime (Duchefa, Haarlem, The
Netherlands) and 500 mg/ml vancomycin (Duchefa, Haar-
lem, The Netherlands). The seedlings were transferred to
fresh plates every week. After 7-8 weeks, shoots were
collected from independent calli and transferred to MS
medium. After a further 3-4 weeks, the rooted plants
were transferred to soil.
Southern blot analysis
Genomic DNA was extracted from leaves using a
DNeasy Plant Total DNA Purification kit (QIAGEN, Hilden,
Germany) as described by the manufacturer; 10 mg of
this DNA were used for Southern blot analysis (Sam-
brook et al., 1989). Radioactive probes were prepared
with a random priming labelling kit (Rediprime, Amer-
sham, Little Chalfont, UK), using [a-32P]dCTP (Amer-
sham, Little Chalfont, UK).
RNase protection analysis
Total RNA from leaf material was extracted with
RNeasy Plant Total RNA Purification kit (QIAGEN, Hilden,
Germany) as described by the manufacturer; 10 mg ali-
quots were used for RNase A1T1 protection analysis
according to published protocols (Goodall et al., 1990).
Protected fragments were resolved on 6% polyacryl-
amide denaturing gels and quantified by means of a
Phosphor Imager (Molecular Dynamics). Specific radio-
actively-labelled antisense riboprobes were synthesised
by in vitro transcription in the presence of [a-32P]UTP
(Amersham, Little Chalfont, UK). The probes were puri-
fied on polyacrylamide gels. Plasmid SP6GUS59 was
obtained by introducing the NcoI-EcoRV GUS fragment of
pMTF-GUS (Hohn et al., 1996) into the corresponding
restriction sites of the polylinker of pGEM5 (Promega,
Madison, WI, USA). The plasmid was linearised with SphI
and transcribed with SP6 RNA polymerase to produce an
antisense RNA probe covering 559 nucleotides at the
59-end of the GUS coding region. Plasmid SP6GUS39
was obtained by introducing the EcoRV-SacI GUS frag-
ment of pBiGUS (Bonneville et al., 1989) into the corre-
sponding restriction sites of the polylinker of pGEM5
(Promega, Madison, WI, USA). The plasmid was lin-
earised with SspI and transcribed with SP6 to produce
an antisense RNA probe covering 598 nucleotides at the
39-end of the GUS coding region. The plasmid pRE30,
containing a ;1500 nt long EcoRI fragment from the
tomato 18S RNA gene (Schmidt-Puchta, 1990), was lin-
earised with SacI and transcribed with T7 RNA polymer-
ase to produce an antisense RNA probe with enough
homology to give a protected band of around 325 nucle-
otides in tobacco.
Preparation of protein extracts from plant tissue
for GUS assays
Plant tissue samples (5 to 50 mg fresh weight) were
homogenised with 200 ml extraction buffer (50 mM so-
dium phosphate, pH 7.0, 10 mM EDTA, 0.1% Triton X-100,
0.1% sarkosyl, 10 mM b-mercaptoethanol). Soluble pro-
teins were obtained by centrifugation of the homoge-
nates for 5 min in a table centrifuge.
Histochemical staining
Whole plantlets, detached plant organs or tissue sec-
tions cut with a razor blade were placed into a 24-well
tissue culture dish containing 2 ml of a solution contain-
ing 0.25 mg/ml 5-bromo-4-chloro-3-indolyl-b-D-glucu-
ronic acid in 100 mM sodium phosphate buffer (pH 7.0),
10 mM EDTA, 0.1% Triton X-100, 5 mM potassium ferri-
cyanide and 5 mM potassium ferrocyanide. After initial
vacuum infiltration for about 15 min, the plant material
was incubated overnight in the dark at 37°C. Plant ma-
terial was fixed for 10 min in a solution containing 5%
formaldehyde, 5% acetic acid, and 20% ethanol. When
necessary the samples were bleached to remove chlo-
rophyll by overnight treatment with 70% ethanol. Sections
were photographed using a Wild MPS12 microcamera on
a Wild M8 Zoom stereomicroscope.
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